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Modeling Spontaneous CSR Laser seeding of CSR instability

Nonlinear Optics/Nonlinear Dynamics group @ PhLAM

Mid 80s-90s

Dynamics of lasers : experiments, modeling

"Pure nonlinear dynamics”, eg. chaos, control of chaos

With space and time : shift from problems involving ordinary differential
equations to problems involving partial differential equations
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Nonlinear Optics/Nonlinear Dynamics group @ PhLAM

From 2000 (schematically)

New activities in optics : propagation in photonic fibers, short pulse lasers,
etc.

Shift to studies of non-linear dynamics and nonlinear optics in different
fields : biology, cold atoms, free-electron lasers, accelerator physics
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Activities in accelerator-related topics

Start : Free-Electron Lasers

Suppression of instabilities in free-electron lasers : super-ACO, France
(2003), UVSOR, Japan (2004)

Non-linear dynamics of free-electron lasers (collaborations with UVSOR
and SOLEIL)

From ∼2006 : shift to dynamics of accelerators themselves

Laser manipulation of electron bunches

Instabilities of electron bunches in storage rings
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Synchrotron radiation in storage rings

undulator bending magnet

electron bunch

synchrotron
radiation

RF cavity

Electron bunch energy O(MeV-GeV)

Electron bunch length O(mm-cm)

Intense emission of synchrotron radiation

Broadband : from far infrared to X-rays

Synchrotron SOLEIL UVSOR-III
(France) (Japan)

Beam energy (GeV) 2.75 0.6
Circumference (m) 354 53.2
Energy spread (∆E/E , rms) 1.017× 10−3 4.36× 10−4

Bunch length (mm, rms) 4.5 30
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Microbunching instability (CSR instability) in storage rings

Storage ring

THz radiation

Bolometers

e-

Bunch dynamics :

If charge density > density threshold,
interaction between the electron bunch
and its radiation (wakefield)
⇒ microbunching instability

Formation of microstruc-
tures (at millimeter scale) en

er
gy

position

Irregular evolutions in space and time

Experimental observations :
Irregular emission of coherent synchrotron radiation (CSR) in the terahertz
frequency domain

10.05 mA 10.25 mA 10.50 mA 10.75 mA

1 ms

(Synchrotron SOLEIL, normal-alpha mode)
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Longitudinal beam dynamics in storage rings

shielded CSR wakefield

e-

⇒

Free space wakefield

e-

z

e-

z

Parallel plates wakefield

e-
z

e-

The different ingredients use to model the dynamics are :

the acceleration by the RF cavity,

the radiation losses,

the dependence of the round-trip time with electron energy,

the interaction of the electrons with their own radiation (wakefields).
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The Vlasov-Fokker-Planck (VFP) equation

Vlasov-Fokker-Planck (1D) equation

∂f
∂θ

=p
∂f
∂q
− q

∂f
∂p

⇒ rotation in phase space O(kHz)

+ 2ε
∂

∂p

(
pf +

∂f
∂p

)
⇒ damping + diffusion O(ms)

+IcEwf
∂f
∂p

⇒ wakefield

[Venturini and Warnock, Phys. Rev. Lett. 89, 224802 (2002)]

f (q, p, θ) : normalized electron distribution

q : longitudinal position (in units of r.m.s. bunch length at equilibrium)

p : relative energy (in units of relative energy spread at equilibrium)

θ : time (dimensionless, 2π = one synchrotron period)

Ewf (q) : electron moving on a circular orbit in the midplane between two
parallel plates of infinite conductivity.
[Murphy et al, Part. Acc. (1997)]
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Wakefield computation

Ewf (q) = 4
3
γ4T0

4πε0R2

∫ +∞
−∞ dζρ(q − ζ)w

(
3γ3

2R σzζ
)

− T0
8πε0h2

∫ +∞
−∞ dζρ(q − ζ)G2

(
σz

2R(h/R)3/2 ζ
)

Free space wake function
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Convolution of the density ρ with the free space contribution w :

Integration by parts :
∫ +∞
−∞ dζρ′(q − ζ)v

(
3γ3

2R σzζ
)
with w = v ′.

Special preprocess of the function v : evaluation of the exact value of the
integration of v near zero within a fine mesh step.
[J. Qiang, Computer Physics Communications 181, 313 (2010)]
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Integration method and numerical strategy

Semi-Lagrangian method 1 for the Vlasov part + Euler method for the
Fokker-Planck term,
⇒ fast and well suited to parallelize with OpenMP and MPI.

1 Propagation over a small step
∆θ :

f (qi , pj , θ+∆θ) = f (M−1(qi , pj ), θ)

withM−1 the inverse map for
the single particle motion

2 Nine point biquadratic
interpolation to evaluate
f (qi , pj , θ + ∆θ)

3 Invoking operator splitting,
propagation of f by the FP
operator using Euler step.

longitudinal position q

re
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ti
ve
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ne

rg
y 

p

1. [R. Warnock and J. Ellison, SLAC-PUB-8404, (2000)]
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Integration method and numerical strategy

Semi-Lagrangian method 1 for the Vlasov part + Euler method for the
Fokker-Planck term,
⇒ fast and well suited to parallelize with OpenMP and MPI.

1 Propagation over a small step
∆θ :

f (qi , pj , θ+∆θ) = f (M−1(qi , pj ), θ)

withM−1 the inverse map for
the single particle motion

2 Nine point biquadratic
interpolation to evaluate
f (qi , pj , θ + ∆θ)

3 Invoking operator splitting,
propagation of f by the FP
operator using Euler step.

longitudinal position q
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process 0 process 1 process 2 process 3

1. [R. Warnock and J. Ellison, SLAC-PUB-8404, (2000)]



Modeling Spontaneous CSR Laser seeding of CSR instability

Parallelization on supercomputer

Test on the Curie supercomputer
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Typical integration duration (on lab’s computer cluster) :

SOLEIL : 2.1 minutes for 100 synchrotron periods transient on 32 CPU

UVSOR-II : 42 minutes for 1000 synchrotron periods transient on 64 CPU
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Longitudinal phase-space evolution

Integration of the VFP equation with the shielded CSR wakefield in the case of
UVSOR-II in low-alpha mode.

en
er
gy

p

longitudinal position q
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Longitudinal phase-space evolution

Integration of the VFP equation with the shielded CSR wakefield in the case of
UVSOR-II in low-alpha mode.

en
er
gy

p

longitudinal position q
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CSR : indirect measurement of the microstructures
en

er
gy
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Charge distribution f(q,p)
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Numerical results : longitudinal phase-space

SOLEIL low-alpha, I=0.3mA UVSOR-II nominal-alpha, I=40mA
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Numerical results : THz signals

SOLEIL low-alpha, I=0.3mA UVSOR-II nominal-alpha, I=40mA
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Numerical results : THz signals

SOLEIL low-alpha, I=0.3mA UVSOR-II nominal-alpha, I=40mA
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Numerical results : THz signals

SOLEIL low-alpha, I=0.3mA UVSOR-II nominal-alpha, I=40mA
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Experimental observations of the RF spectrum

operationwith four superconducting insertiondevices (sc
IDs) in operation: a 7T-wiggler, two 7T- and one 4T-
wavelengthshifters. They lead to asignificant increaseof
theenergy spread, thebunch length, and the longitudinal
damping. The onset of the instability occurs at 6.59 mA
and is only visible in the FFT data of 512 k data points.
Signsof theinstabilityarethespectral linesat76kHz and
152kHz (andhigher multiplesof 76kHz withdecreasing
amplitude – not shown here). At 7.11 mA very regular
bursts start to show up in the oscilloscope traceand they
produce sidebands around zero frequency and the above
mentioned spectral lines with a spacing given by the
repetitionrateof thebursts.With increasingcurrent larger
burstsandmoreandmoresidebandsappear. Theenvelope

Due to the insufficient single bunch purity of the data
shown in Fig. 1 the measured current was too high and
thresholdshavetobetakenwithsomecaution.
Figure 2shows waterfall displays of the spectrally

analysed CSR-signals. This time the data were taken
directlywithaRhodeandSchwarz spectrumanalyser and
withall four sc IDs inoperation. Instability thresholdsare
rather highincomparisonto theresultswithout theIDsas
shown in Fig. 3. In both cases the instability startswith a
few single spectral lines. Sidebands appear at higher
current and are better resolved now (in the right). The
sidebands come from the pulsed and sawtooth-type
characteristics of the instability [6], believed to originate
from the mixing of nearby azimuthal modes. At around
7mA the spectra in Fig. 2 show a transition of themost
intense cluster of lines around 80 kHz. The next higher
azimuthal mode becomes dominant. There are more
similar transitionsathigher currents. Notethedoublingof
thesidebands just above9mA. It corresponds to thecase
shown in Fig. 1 with 10.29mA. At even higher currents

Figure2: Spectral waterfall displays of thetimedependent CSR-signals as a functionof thesinglebunchcurrent. The
storageringwasoperatedwith4 sc IDs. Thefirst timedependent signal showsupat 6.1mA withafrequency tenand
twenty times larger than thesynchrotron frequency, Fsyn=7.5kHz. Thelow frequncy spectral content up to 20kHz is

P. Kuske, PAC09, 4682 (2009)

produced above the threshold current of the bursting
instability [45,46]. Steady stateTHz is of less power and
emittedat bunchcurrentsbelow this threshold.
This threshold is also dependent on the rf voltage.

Another way to vary between stableor bursting THz is a
change of the rf voltage amplitude at constant bunch
current. Thisvoltagechangecanbescannedover therange
fromstable to bursting THz emission. Figure 12 shows a
typical example, measured at the MLS in single bunch
mode of about 0.5 mA current, see also [47]. Clearly
visible is thebursting thresholdof theTHz radiation. The

M
ra
re
re
d

FIG. 12. Typical example of a ‘‘waterfall’’ plot of THz time
signals. Shown are the temporal modulation of theTHz signals
asafunctionof therf voltageamplitude. Thebursting threshold
is clearly visible.
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J. Feikes et al., Phys. Rev. ST Accel. Beams 14, 030705 (2011)

Spatio-temporal dynamics of relativistic electron bunches during themicro-bun

trajectory of radius R [2
platesseparated by aheig
chamber (ρ(z) = +∞

−∞ f (
bunch distribution and
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plates The contributions
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Positions Monitor, etc.)
calculation, the longitud
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C. Evain et al., EPL 98, 40006 (2012)
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Figure1: Instabilityspectrumof lowfrequencyburstingisshownontheleftdiagram. Burstingoccursatcurrents> 0.28
mA andchangesmodeat0.36mA. Themaininstabilitycanbefoundatabout400-600Hzanddriftswiththecurrent. Its
harmonicsarealso clearly observable. The1f s frequency linecanbeseenat 8.5kHz. Themiddleand left figureshow
typical burstingpatternswithonsetat thesamethresholds.

Figure2: Synchrotronoscillationsof thebunchcausefluctuationsof theCSR powerwith2f s andhigherharmonics.

resolvealsotheveryslowburstingmodes. Lower frequen-
ciescanbemeasuredbyrecordingmorerevolutions,which
of coursecomeat theexpenseof longer acquisitiontimes.
Fig. 1 shows the resulting longitudinal instability spectra
i i l b h d f ti f t h l

and49kHz showninFig. 1(middle), theonsetof bursting
is again observableat 0.28mA and around 40 kHz. For
higher currentsthis linedriftsupto41kHz andspreadsat
0.36mA. Similar behavior occursat80kHz, probably the
2 dh i A t dth b ti i t it d
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V. Judin et al., IPAC12, 1623 (2012)

on of bunch current (see Fig. 4 for a voltage of 2.0
and for a voltage of 2.5 MV). The intensity of the
ion was observed to vary by 3 orders of magnitude.

e 4: Spectral intensity of mm-wave emission as a
on of bunch current. Data were measured using a
tky barrier diode and a spectrum analyser. The main

R. Bartolini et al., IPAC11, 3050 (2011)
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Link between the microstructure and the RF spectrum

z

δ

σz

λ

θ

ωs

θ =
ωs

fm

fm : temporal "fast" frequency of
the THz signal

ωs : synchrotron pulsation

θ : angle formed by 2 "fingers" of
the microstructure

SOLEIL UVSOR
fs = ωs/2π (kHz) 1.47 19.4
fm (kHz) 10 650
θ (◦) 53 10
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Polar representation of the phase-space

SOLEIL low-alpha :

θ=53°
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UVSOR-II nominal alpha :
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Estimation of the THz CSR wavenumber

z

δ

σz

λ

θ

ωs

fm =
ωs

θ
≈ ωs

σz

λ

fm : temporal "fast" frequency of
the THz signal

ωs : synchrotron pulsation

σz : RMS bunch length

λ : wavelength of the microstructure

SOLEIL UVSOR
fs = ωs/2π (kHz) 1.47 19.4
σz (mm) 1.4 23.4
fm (kHz) 10 650
1/λformula (cm-1) 7.7 2.3
1/λsimulated (cm-1) 6 1.7

⇒ Frequency components in the RF spectrum of recorded THz signals may be
related to the characteristic wavenumber of the microstructures in the bunch
(and so to the wavenumber of the emitted signal).
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Principle of seeding : initial bunching using an external laser

Pioneering work : seeding in conditions of slicing
[Byrd, Sannibale et al, Phys. Rev. Lett. 97, 074802 (2006)]

short laser pulse

Seeding with a modulated laser pulse ?

sine modulated
laser pulse

Time
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Experimental setup

Generation of modulated laser pulse : Chirped pulse beating
[Weling and Auston, JOSA B 13, 2783 (1996)]

TimeTime

chirp

Time

Time

2 delayed
copies recombine

Time

Global setup

e-

THz radiation

undulators

modulated
pulse

laser pulse
analysis

UVSOR
storage

ring

UVSOR-II, normal and low-alpha and single bunch mode.

Energy 600 Mev, relative energy spread ≈ 3.4× 10−4 and rms bunch
lenght ≈ 3 cm.
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Tests at very low beam current : effective bunching at mm scale

Experiments at UVSOR :
[Hosaka et al, Phys. Rev. STAB 16, 020701 (2013)]

[Evain et al, Phys. Rev. STAB 13, 090703 (2010)]

[Bielawski et al, Nature Phys. 4, 390 (2008)]

Typical emission spectra induced by the shaped laser

⇒ Observation of narrowband THz emission in a bending magnet
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Seeding results at UVSOR-II in low-alpha mode
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Zoom of bolometer signal versus excitation wavenumber

response at 
half synchrotron 
period

immediate
response

immediate
response

response at half synchrotron 
period experimentally larger
than immediate response
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Numerical result : CSR versus time

For a beam current I = 3.5 mA (just below the microbunching instability
threshold) :
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Bolometer bandwidth : 1 to 9.1 cm-1

Bolometer time response : 2 µs
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Typical simulated signal for an excitation at 1.5 cm-1
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Resonance curve

Maximum value of the delayed
response
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Experimental and numerical resonance wavenumber : 1.6 cm-1

Response at half synchrotron period :
resonance curve at the characteristic wavenumbers of the system.
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Numerical calculation of the response to a short laser pulse

THz signal for a beam current of 3.5 mA with various pulse durations :
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⇒ Strong effect of the pulse duration on the delayed response in the THz
signal. Here, maximum efficiency for a pulse duration of 10 ps. Why ?
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Temporal CSR spectra
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Conclusion

Modeling

Numerical integration of the 1D VFP equation in parallel (OpenMP, MPI),

Computation of the exact expression of the shielded CSR wakefield.

Spontaneous CSR

Link between the RF frequency in the THz signal and the longitudinal
phase-space microstructures, e.g. the wavelength of the microstructures.

Laser seeding

Experimental seeding of the microbunching instability with modulated
laser pulses,

Good agreements with the simple 1D model (VFP + shielded CSR
wakefield), e.g., the resonance wavenumber
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Wakefield computation

Free-space contribution

Integration by parts by computing the FFT of v(µ) (the antiderivative of
w(µ)) with a very fine mesh (typically 100 times finer than the mesh for
ρ(q)) and multiply it by ik.
[J. Qiang, Computer Physics Communications 181, 313 (2010)]

1 Because near zero, fast variation (at a scale much shorter than one mesh
step)
→ evaluation of the exact value of the integration of v(µ) near zero within
a δq stepsize of the fine mesh

2 Computation of the FFT of the array vi :

v0 =
1
δq

∫ δq/2

0
v
(
3γ3

2R
σzq

)
dq

vi = v
(
3γ3

2R
σz iδq

)
for i > 0

Parallel-plates contribution

Computation of the FFT of G2(x) using a very fine mesh.
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Wakefield computation
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